Clostridium acetobutylicum is a motile bacterium capable of fermenting sugars to the solvents acetone, butanol, and ethanol (ABE fermentation). A relationship between cell motility and solvent production has been observed (17) . Despite a normal cell population, absence of motility at any time during the inoculum development procedure has been reported to result in poor solvent yields (17) , as has weak motility during the main fermentation (N. A. Gutierrez, M. Tech. thesis, Massey University, Palmerston North, New Zealand, 1985) . Motile bacteria are known to migrate through concentration gradients of attractants (positive chemotaxis) and repellents (negative chemotaxis) (2) . Typical attractants for various bacteria include sugars and some amino acids (3, 13, 15) , while repellents include alcohols and weak acids (18) . In an environment lacking a stimulus, the movement of a motile bacterium is characterized by a series of "runs," in smooth straight lines for a few seconds, and "tumbles," when the cell thrashes around for a fraction of a second. Cells migrating towards increasing concentration of attractant swim in longer runs and tumble less frequently. In the presence of increasing repellent concentration, bacteria tumble more often (2) .
In this study, the motility of C. acetobutylicum has been investigated during a typical batch fermentation process. Whey permeate was chosen as the fermentation substrate because of its potential commercial significance (11) . In addition, chemotaxis experiments were performed using various fermentable sugars and metabolic products, since the data obtained may help to explain the observed motility during the fermentation process. (1) . The chamber was formed by placing a bent (U-shaped) melting-point capillary tube between a microscope slide and a cover slip and was filled with approximately 0.2 ml of the bacterial suspension. The capillary tubes for containing the attractant solutions were 5-pl micropipettes with an internal diameter of 0. 17 mm. After filling with attractant dissolved in CM, one end was sealed, and the tube was inserted into the chamber. The assay was then performed at 20°C in an anaerobic cabinet (Forma Scientific, Ltd.). After the appropriate incubation period (30 or 45 min), the contents of the capillaries were ejected into 10 ml of peptone water (5 g/liter), and the cells were counted with a hemacytometer. Control tubes filled with CM alone were used to assess the background motility. To estimate reproducibility of the method, nine capillaries were used to measure the response to 10-2 M glucose. The standard deviation was 30%. This is rather high but not unusually so for this method (13) . The results reported below are the average of those obtained on at least three different days.
MATERIALS AND METHODS
Negative chemotaxis experiments were performed using a modified "chemical in plug" method (18). The test chemicals were prepared in CM containing agar (30 g/liter) to provide the plugs. These plates were incubated anaerobically overnight. Washed cells were plated in semisolid CM containing agar (2.5 g/liter), and the plugs were placed in this suspension contained within a petri plate. Incubation was at 30°C for 30 min. Movement of cells away from the chemicals was (12) . Before being autoclaved, the permeate was supplemented with yeast extract (5 g/liter; Difco Laboratories) and adjusted to pH 6.5 with aqueous ammonia. Fermentation was performed using 5 liters of medium with equipment and operating conditions as described elsewhere (7) . The temperature was 34°C, and there was no agitation or pH control.
Analyses. Lactose in fermentation samples was determined using high-performance liquid chromatography (6) . Solvents and acids were determined by gas chromatography (Shimadzu model GC-8A) using a flame ionization detector and a column of Porapak Q. The carrier gas (N2) flow rate was 30 ml/min, and the column temperature was 200°C. Before analysis, samples were acidified using orthophosphoric acid, and sec-butanol was added as an internal standard. Determinations of total cell numbers, number of running cells, and number of tumbling cells were performed microscopically using a hemacytometer.
RESULTS
Batch fermentation. The motility of C. acetobutylicum was monitored closely during a typical batch fermentation process using a substrate of whey permeate. Figure 1 shows the initial 28 h of the process. The inoculum consisted of 100% motile cells. Upon inoculation, most cells became nonmotile, but after 2 h of fermentation, motility was restored, with the cells moving in long, fast runs without changing direction. The cells again became nonmotile after 2 h but had fully recovered by 6 h. The motility was again characterized by long, fast runs, with very little tumbling being observed. The reason for the hiatus in motility is not clear, but it may be peculiar to the substrate used; i.e., a compound other than lactose may be the initial carbon source, followed by lactose utilization. Virtually 100% of the cells remained motile until after 13 h of fermentation, but the motility changed from running to tumbling during this time. show that positive chemotaxis occurred towards those s were associated with the early period of buffers of decreasing pH value. Statistical analysis of the ation, acid production, and pH decrease. The data (analysis of variance) confirmed that the observed tumbling increased as solvent production comdifferences were significant (ot = 0.05). When similar experer 10 h of fermentation, only tumbling was iments were performed using only inorganic buffers, e.g., e proportion of motile cells in the population phosphate, no differences were observed for different pH nsiderably by 14 h, but some individual cells values. Thus, C. acetobiityliclum exhibits chemotaxis )tile for much longer. After 24 h, the vast towards the undissociated forms of acetic and butyric acids. ells were in the clostridial form.
The concentration-response curves, performed at pH 4.0, motaxis. Initial experiments were performed to are shown in Fig. 3 , while the threshold concentrations and assay of positive chemotaxis. The presence of relative response values are given in Table 1 . In contrast to Iycolate in the CM assisted in maintaining cell the sugars (Fig. 2) , saturation points were not observed in ,umably by maintaining anaerobic conditions. of EDTA, however, as used for Escherichia ed detrimental. The assay was performed at 20 )'C to retard cell differentiation to the clostridial ells remained motile for at least 1 h after 50 washing, and the accumulation of cells in the capillary tube increased linearly for up to 45 min.
The concentration-response curves for the fermentable sugars glucose, galactose, and lactose are shown in Fig. 2 . All three sugars were attractants. The threshold concentration for each sugar was determined as the lowest concentration which gave an accumulation of cells in the capillary significantly greater than that of the background (1), as judged by a t test (a. = 0.05). The results are shown in Table  1 , along with values for the relative response, determined as Table 3 .
DISCUSSION
The production of solvents by C. acetobutylicurm is of increasing interest worldwide because of its potential commercial significance. However, relatively few fundamental studies have been performed on the bacterium. Long et al. (10) have described the morphology of the organism, including motility, during solventogenesis, but they did not characterize the motility. The results presented above demonstrate that during the fermentation process the motility changes from being predominantly runs to predominantly tumbles. The runs are associated with the early period of lactose utilization and acid production, concurrent with a pH decrease. Such runs are characteristic of positive chemotaxis (2) , and the sugars and undissociated acids have now been shown to be attractants. As the fermentation proceeds, the motility becomes characterized by tumbles. This is associated with solventogenesis, and the solvents have now been shown to be repellents. Thus the results strongly suggest that the motility of C. acetobutylicum cells during fermentation is a chemotactic response, and this may help to explain the relationship between motility and solventogenesis.
Chemoattraction to sugars may offer a competitive advantage to C. acetobutylicu,m in natural environments, as has been suggested for other bacteria (9, 16) . The concentration of undissociated acetic and butyric acids in the medium has been reported to trigger solventogenesis (4, 5, 8, 14) , and acid uptake has been suggested to be a detoxification process (J. M. Costa, Proc. Annu. Biochem. Eng. Symp. 11:83, 1981) . Chemorepulsion from toxic solvent products during the onset of solventogenesis may represent a survival mechanism. Thus, it may be postulated that strongly motile cells are more solventogenic than weakly motile cells because they are attracted to fermentable sugars and undissociated acids while being repelled by the solvents. However, further work is required to investigate this hypothesis.
